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An analysis is presented of the expectations of the thermal model for
particle production in collisions of small nuclei. The maxima observed in
particle ratios of strange particles to pions as a function of beam energy
in heavy ion collisions, are reduced when considering smaller nuclei. Of
particular interest is the Λ/pi+ ratio shows the strongest maximum which
survives even in collisions of small nuclei.
PACS numbers: 25.75.-q, 25.75.Dw, 13.85.Ni
October 7, 2018
1. Introduction
A large effort is presently under way to study not only heavy- but also
light-ion collisions. This is being motivated by the results obtained in heavy
ion collisions like Pb-Pb and Au-Au, for the K+/pi+, and also other particle
ratios. It has been conjectured that these indicate a phase change in nuclear
matter [1].
A consistent description of particle production in heavy-ion collisions, up
to LHC energies, has emerged during the past two decades using a thermal-
statistical model (referred to simply as thermal model in the remainder of
this talk). It is based on the creation and subsequent decay of hadronic
resonances produced in chemical equilibrium at unique temperature and
baryon chemical potential. According to this picture the bulk of hadronic
resonances made up of the light flavors u,d and s valence quarks are produced
in chemical equilibrium.
Indeed some particle ratios exhibit very interesting features when studied
as a function of the beam energy which deserve attention: (i) a maximum in
the K+/pi+ratio, (ii) a maximum in the Λ/pi ratio, (iii) no maximum in the
K−/pi−ratio. The maxima occur at a center-of-mass energy of around 10
GeV [2, 3, 4]. It is interesting to note that the occurrence of these maxima
happens in an energy regime where a maximum baryon density occurs [5]
and a transition from baryon-dominated freeze out to a meson dominated
one takes place [4]. An alternative interpretation is that these maxima
reflect a phase change [1] to deconfined state of matter.
The maxima mark a distinction between heavy-ion collisions and p-p
collisions as they are not observed in the latter. This shows a clear difference
between the two systems which is worthy of further investigation.
It is the purpose of the present talk to report on an analysis [6] studying
the transition from a small system like a p-p collision to a large system like a
Pb-Pb or Au-Au collision and to follow explicitly the genesis of the maxima
in certain particle ratios.
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2. The model
A relativistic heavy-ion collision will go through several stages. At one
of the later stages, the system will be dominated by hadronic resonances.
The identifying feature of the thermal model is that all the resonances as
listed by the Particle Data Group [7] are assumed to be in thermal and
chemical equilibrium. This assumption drastically reduces the number of
free parameters and thus this stage is determined by just a few thermody-
namic variables namely, the chemical freeze-out temperature T , the various
chemical potentials µ determined by the conserved quantum numbers and
by the volume V of the system. The latter plays no role when considering
ratios of yields. It has been shown that this description is also the correct
one [8, 9, 10, 11] for a scaling expansion as first discussed by Bjorken [12].
In general, if the number of particles carrying quantum numbers re-
lated to a conservation law is small, then the grand-canonical description
no longer holds. In such a case conservation of quantum numbers has to
be implemented exactly in the canonical ensemble [13, 14]. In the case
considered here there are two volume parameters: the overall volume of
the system V , which determines the particle yields at fixed density and
the strangeness correlation (cluster) volume Vc, which reflects the canonical
suppression factor and reduces the densities of strange particles. Assum-
ing spherical geometry, the volume Vc is parameterized by the radius RC
which serves as a free parameter and defines the range of local strangeness
equilibrium.
3. Origin of the maxima
According to the thermal model, the baryon chemical potential decreases
continuously with increasing beam energy. At the same time the tempera-
ture increases rather quickly until it reaches a plateau. Following the rapid
rise of the temperature at low beam energies, the Λ/pi+ and K+/pi+also in-
crease rapidly. This halts when the temperature reaches its limiting value.
However, simultaneously the baryon chemical potential keeps on decreas-
ing. Consequently, the Λ/pi and K+/pi+ratios follow this decrease due to
strangeness conservation as K+ is produced in associated production to-
gether with a Λ. The two effects combined lead to maxima in both cases.
For very high energies, the baryo-chemical potential no longer plays a role
(µB ≈ 0) and the temperature is constant hence these ratios hardly vary [4].
To show this in more detail we present as an example in Fig. 1 lines where
the K+/pi+and the Λ/pi+ ratios remain constant in the T − µB plane. It
should be noted that the maxima of these ratios do not occur in the same
position, which remains to be confirmed experimentally. It is also worth
noting that the maxima are not on but slightly above the freeze-out curve.
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Fig. 1: Values of the K+/pi+(left-hand pane) and the Λ/pi+ (right-hand
pane) ratios in the T − µB plane. Lines of constant values are indicated.
The dashed-dotted line is the freeze-out curve obtained in [3] while the
dashed line uses the parameterization given in [18]. Note that the maxima
do not occur in the same position.
4. Particle ratios for small systems
To consider the case of the collisions of smaller nuclei we have to take
into account the strangeness suppression according to the canonical model,
i.e. the concept of strangeness correlation in clusters of a sub-volume Vc ≤
V [15, 16, 17].
A particle with strangeness quantum number s can appear anywhere in
the volume V but it has to be accompanied by another particles carrying
strangeness −s to conserve strangeness in the correlation volume Vc . As-
suming spherical geometry, the volume Vc is parameterized by the radius
RC which is a free parameter that defines the range of local strangeness
equilibrium.
In the following we show the trends of various particle ratios as a function
of
√
sNN. The dependence of T and µB on the beam energy is taken from
heavy-ion collisions [3]. For p-p collisions slightly different parameters are
more suited [19]. Therefore, the calculations shown give the general trend.
We have ignored the variations of other parameters with system size.
We focus on the system-size dependence of the thermal parameters with
particular emphasis on the change in the strangeness correlation radius RC .
The parameters R = 10 fm (which is the value for central Pb-Pb collisions)
and γS = 1 are kept fixed. The freeze-out values of T and µB will vary with
the system size [17], however this has not been taken into account in the
present work which aims to give a qualitative description of the effect.
The smaller system size is described by decreasing the value of the cor-
relation radius RC . This ensures that strangeness conservation is exact in
Rc, and that strangeness production is suppressed with decreasing Rc.
In Fig. 2 we show the energy and system size dependence of two particle
ratios calculated along the chemical freeze-out line. In Fig. 2 a maximum is
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seen in the K+/pi+ ratio which gradually disappears when the correlation
radius decreases. A different effect is seen in Λ/pi± ratio. Here, the gradual
decrease of the maximum is also seen but, contrarily to the K+/pi+ ratio,
it remains quite prominent even for a small correlation radius. Also, the
maximum shifts, for smaller systems, towards higher
√
sNN. For pp collisions
which correspond to a RC of about 1.5 fm [17], they will hardly be observed.
It should also be noted that in the thermal model the maxima happen at
different beam energies.
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Fig. 2: Values of the K+/pi+(left-hand pane) and the Λ/pi+ (right-hand
pane) ratios as a function of invariant beam energy for various strangeness
correlation radii Rc, calculated using the thermal model[20]. The correlation
radius is varied from 3.0 (top curve) to 2.5, 2.0, 1.5 and finally 1.0 fm
(bottom curve). Note that the Λ/pi+ ratio is the ratio where the maximum
stays most pronounced as the system size is reduced.
It must be emphasized that the results presented here are of a quali-
tative nature. In particular there could be changes due to variations with
the system size of the temperature and the baryon chemical potential. In
addition the strangeness equilibration volume Vc could be energy dependent
and system size dependent.
5. Conclusions
The thermal model qualitatively describes the presence of maxima in the
K+/pi+and the Λ/pi± ratios at a beam energy of
√
sNN≈ 10 GeV. In this
talk we have described what could possibly happen with different strange
particles and pion yields in collisions of smaller systems due to constraints
imposed by exact strangeness conservation. In particular, the Λ/pi+ ratio
still shows a clear maximum even small systems. The pattern of these
maxima is also quite special as they are not always at the same beam energy.
cleymans˙cpod2016˙proceedings printed on October 7, 2018 7
Acknowledgments
K.R. acknowledges the supported by the National Science Center, Poland
under grant Maestro, DEC-2013/10/A/ST2/00106
REFERENCES
[1] M. Gazdzicki and M.I. Gorenstein, Acta Phys. Polon. B 30 (1999) 2705.
[2] A. Andronic, P. Braun-Munzinger and J. Stachel, Nucl. Phys., A 772
(2006)167.
[3] J. Cleymans, H. Oeschler, K. Redlich, S. Wheaton, Phys. Rev., C 73 (2006)
034905.
[4] J. Cleymans, H. Oeschler, K. Redlich, S. Wheaton, Phys. Lett., B 615 (2005)
50.
[5] J. Randrup and J. Cleymans Eur. Phys. J. A 52 (2016) 218.
[6] J. Cleymans, B. Hippolyte, H. Oeschler, K. Redlich, N. Sharma,
arXiv:1603.0953[hep-ph.
[7] K.A. Olive et al., Particle Data Group, Chin. Phys. C 38 (2014) 090001.
[8] J. Cleymans, Proceedings, 3rd International Conference on Physics andastro-
physics of quark-gluon plasma (ICPA-QGP ’97), (1998) 55.
[9] J. Cleymans and K. Redlich, Phys. Rev. C 60 (1999) 054908.
[10] S.V. Akkelin, P. Braun-Munzinger and Yu. M. Sinyukov,Nucl. Phys. A 710
(2002) 439.
[11] W. Broniowski and W. Florkowski, Phys. Rev. Lett. 87 (2001) 272302.
[12] J.D. Bjorken, Phys. Rev. D 27 (1983) 140.
[13] P. Braun-Munzinger, J. Cleymans, H. Oeschler, K. Redlich, Nucl. Phys. A
697 (2002) 902.
[14] P. Braun-Munzinger, K. Redlich, J. Stachel, in Quark Gluon Plasma 3, eds.
R.C. Hwa and Xin-Nian Wang, World Scientific Publishing (2003).
[15] J. Cleymans, H. Oeschler, K. Redlich, Phys. Rev. C 59 (1999) 1663.
[16] S. Hamieh, K. Redlich, A. Tounsi, Phys. Lett. B 486 (2000) 61.
[17] I. Kraus, J. Cleymans, H. Oeschler, K. Redlich, S. Wheaton, Phys. Rev. C 76
(2007) 064903.
[18] V. Vovchenko, V.V. Begun, M.I. Gorenstein, Phys. Rev. C 93 (2016) 064906.
[19] J. Cleymans, S. Kabana, I. Kraus, H. Oeschler, K. Redlich, N. Sharma, Phys.
Rev. C 84 (2011) 054916.
[20] S. Wheaton, J. Cleymans, M. Hauer, Comp. Phys. Comm., 180 (2009) 84-106.
